We have studied the mechanisms of auditory hair cell death after insults in vitro and in vivo. We show DNA fragmentation of hair cell nuclei after ototoxic drug and intense noise trauma. By using phospho-specific c-Jun-N-terminal kinase (JNK) and c-Jun antibodies in immunohistochemistry, we show that the JNK pathway, associated with stress, injury, and apoptosis, is activated in hair cells after trauma. CEP-1347, a derivative of the indolocarbazole K252a, is a small molecule that has been shown to attenuate neurodegeneration by blocking the activation of JNK (Maroney et al., 1998) . Subcutaneously delivered CEP-1347 attenuated noise-induced hearing loss. The protective effect was demonstrated by functional tests, which showed less hearing threshold shift in CEP-1347-treated than in nontreated guinea pigs, and by morphometric methods showing less hair cell death in CEP-1347-treated cochleas. In organotypic cochlear cultures, CEP-1347 prevented neomycininduced hair cell death. In addition to hair cells, CEP-1347 promoted survival of dissociated cochlear neurons. These results suggest that therapeutic intervention in the JNK signaling cascade, possibly by using CEP-1347, may offer opportunities to treat inner ear injuries.
Significant hearing loss compromising communication occurs in ϳ10% of the population, and more than one-third of us will have substantial hearing loss by old age. In most cases, the auditory impairment results from hair cell death in the organ of Corti, the auditory organ. Because hair cells do not regenerate in the mammalian cochlea, loss of each cell, e.g., because of noise or toxic drugs, is irreversible and cumulative. If enough hair cells are lost, the end result is profound deafness. There is no medical treatment so far for this condition. The ability to prevent hair cell damage has in part been unattainable because the molecular mechanisms of noise-and ototoxic drug-induced trauma are largely unknown. Hair cells are innervated by the neurons of the cochlear ganglion. In most cases, cochlear neurons degenerate secondarily, after the loss of inner hair cells (IHC s) , suggesting that hair cells should be the primary targets for therapeutic interventions aimed at preventing hearing loss.
In addition to immediate mechanical damage, oxidative stress associated with the formation of free radicals (see Discussion) and excitotoxicity (Basile et al., 1996) have been implicated in the pathogenesis of hair cell and hearing loss. Evidence on various cell lines and in vivo neuronal and non-neuronal model systems show that apoptotic death can be induced by both oxidative stress and excitotoxity (for review, see Pettmann and Henderson, 1998) . In the inner ear, necrotic hair cell death, characterized by cellular swelling, has been demonstrated after acoustic trauma (Kellerhals, 1972) . More recent data, obtained in the ototoxic drugdamaged inner ear, have suggested that hair cells may also die through apoptosis, based on the observations of nuclear fragmentation (Forge, 1985; Li et al., 1995; Liu et al., 1998; Nakagawa et al., 1998; Vago et al., 1998) . However, the contribution of apoptotic hair cell death to the loss of hearing function is not known. In addition, the molecular mechanisms involved in commitment to hair cell death are unknown.
One of the signaling cascades that has been shown to mediate apoptotic death in response to a variety of stressful stimuli is the c-Jun-N-terminal kinase (JNK) pathway, also known as the stress-activated protein kinase (SAPK) pathway (Dérijard et al., 1994; Kyriakis et al., 1994) . JNK activation by phosphorylation has been shown to be important for neuronal cell death after trophic factor withdrawal in vitro and after injury in vivo (Xia et al., 1995; Dickens et al., 1997; Yang et al., 1997) . JNKs in turn phosphorylate c-Jun, a component of the transcription factor AP-1. Blockade of c-Jun activation and transcriptional activity in vitro has been shown to prevent neuronal cell death (Estus et al., 1994; Ham et al., 1995; Watson et al., 1998) . Recent data from c-Jun phosphorylation-deficient mice (Behrens et al., 1999) show that c-Jun activation is essential for injury-induced neuronal death.
CEP-1347 is a small molecule derived from the indolocarbazole K252a (Kaneko et al., 1997) . CEP-1347 has been recently shown to selectively inhibit the JNK signaling pathway and to protect neurons from insult-induced death in vitro and in vivo (Borasio et al., 1998; Glicksman et al., 1998; Maroney et al., 1998; Saporito et al., 1998 Saporito et al., , 1999 . We have used this molecule to explore the role of the JNK pathway in insult-induced death in the cochlea.
MATERIALS AND METHODS
Cochlear cultures. The basal half of cochleas containing the basal and middle turns was dissected from postnatal day 2 Wistar rats. The cultures were maintained on Nuclepore (Pleasanton, CA) filters (pore size, 0.1 m) placed on a metal grid in F-12 medium (Life Technologies, Gaithersburg, MD) containing 15% fetal bovine serum (Life Technologies). After a 2-hr-long stabilization period, explants were exposed to 100 M neomycin sulfate (Sigma, St. L ouis, MO) for 48 hr. CEP-1347 (500 nM) was added at the time of initiation of the cultures and every 12 hr thereafter.
Hair cell counts in cochlear cultures. E xplants were fixed with 4% paraformaldehyde -0.5% glutaraldehyde in PBS, pH 7.4, for 30 min and dissected for surface preparations. They were stained with a 1:100 dilution of rhodamine -phalloidin (Molecular Probes, Eugene, OR) in PBS containing 0.25% Triton X-100 overnight at ϩ4°C and mounted in Vectashield (Vector Laboratories, Burlingame, CA). Phalloidin is a specific marker for cellular F-actin. Outer hair cell (OHC) numbers were quantified with a Z eiss Axiovert 100/135 epifluorescent microscope connected to a Bio-Rad (Richmond, CA) MRC -1024 confocal laser scanning system. Hair cells were characterized as missing if no stereocilia and cuticular plate were observed. Numbers of OHC s were evaluated using a 40ϫ objective lens and an ocular grid. Nine to 11 fields filled by 30 OHC s in each of the three rows (when all of them were present) were studied from each explant. Basal and middle coils were analyzed separately. Three separate experiments, each including four explants of both conditions (neomycin and neomycin plus CEP-1347) were analyzed.
Assessment of hair cell death and immunohistochemistr y in cochlear cultures. Six, 12, and 24 hr after adding 100 M neomycin to the medium, cochlear cultures were fixed with 4% paraformaldehyde in PBS for 30 min. The specimens were prepared for 5-um-thick paraffin sections. They were stained with a terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUN EL) kit (Fluorescein In Situ Cell Death Detection kit; Boehringer Mannheim, Mannheim, Germany), mounted in Vectashield containing 4Ј,6-diamidino-2-phenylindole (DAPI) nuclear counterstain (Vector Laboratories), and viewed under an Olympus (Tokyo, Japan) Provis microscope using epifluorescence. In addition to TUN EL staining, DNA fragmentation was verified under UV illumination using DAPI counterstain.
Adjacent sections were immunostained with a polyclonal phospho-cJun antibody (Ser73; 1:500; New England Biolabs, Beverly, M A) and a polyclonal phospho-JN K antibody (Thr183/ T yr185; 1:250 dilution; New England Biolabs). The phospho-JN K antibody detects the dually phosphorylated isoforms of JN K 1, 2, and 3. The specificity of the phosphospecific antibodies was verified by Western blotting using sorbitol-treated PC12 cells. Phospho-JN K antibody recognized the phosphorylated p54/ p46 JN K and phospho-c-Jun antibody the phosphorylated p46 c-Jun in sorbitol-treated, but not in untreated PC12 cells (data not shown). For immunohistochemical detection, the avidin -biotin -peroxidase method (Elite ABC kit; Vector) and diaminobenzidine were used. Stainings were amplified using tyramide signal amplification (TSA-Indirect K it, New England Nuclear, Boston, M A) according to Brady et al. (1999) . No counterstaining was used in conjunction with the phospho-specific antibodies. In addition, a polyclonal calbindin antibody (1:10000 dilution; Swant, Bellinzona, Switzerland) was used as a marker for hair cells. C albindin immunoreaction was detected using the ABC method and diaminobenzidine without tyramide signal amplification, and the sections were lightly counterstained with 1% toluidine blue. Analysis was done under Olympus Provis microscope and bright-field optics.
Noise lesioning. Adult Dunkin -Hartley female guinea pigs (weight, 300 -500 gm) were exposed, four animals at a time, to octave band noise, with a center frequency of 4.0 kHz, 120 dB sound pressure level (SPL) for 6 hr as earlier described (Ylikoski et al., 1998) .
Assessment of hair cell death af ter noise trauma. Fragmented hair cell nuclei were assessed from noise-exposed cochleas immediately and 1, 2, 4, 6, 8, and 14 d after noise exposure. Noise-exposed and nonexposed guinea pigs were decapitated under deep anesthesia, and inner ears were perilymphatically perf used with 4% paraformaldehyde in PBS and processed for 5-m-thick paraffin-embedded sections (Ylikoski et al., 1998) . TUN EL staining was done as described above. DNA fragmentation was also verified by DAPI nuclear counterstain (see above). Furthermore, trauma-induced nuclear fragmentation was verified by morphological analysis of contralateral cochleas that were perilymphatically fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, post-fixed with Guinea pigs were exposed to 120 dB, 4 kHz noise for 6 hr. Hair cell counts were done 2 weeks after the exposure.
1% osmium tetroxide, embedded in epoxy resin, and prepared for surface preparations (see below). Selected cochlear segments were then cut in transverse and horizontal planes to semithin (1.0 m) sections that were stained with 1% toluidine blue. Analysis was done under an Olympus Provis microscope equipped with Nomarski optics. Test-substance deliver y. CEP-1347 was injected subcutaneously to noise-exposed guinea pigs at the dose of 1 mg / kg, starting 4 hr before noise exposure and continuing daily for 2 weeks. CEP-1347 was dissolved in 5% Solutol (BASF, Parsippany, NJ) in PBS, pH 7.4. Noise-exposed control guinea pigs received the vehicle alone.
Hearing tests. Auditory brainstem responses (ABRs) were measured 2 d before noise exposure, and 2, 6, and 14 d after exposure under anesthesia (xylazine, 10 mg / kg; ketamine, 40 mg / kg). One millisecond hanning windowed binaural stimuli with 0.5 msec rise and fall of frequencies 2, 4, 6, 8, 16, and 32 kHz were presented at a rate of 10 Hz. Preamplifier and custom data acquisition provided a gain of 80,000, with filtering of 0.3-10 kHz. T wo responses summed from 1000 trials were obtained at each intensity level. Hearing threshold was determined from a set of responses at varying intensities. The threshold was defined as the last appearance of peak 3 or 4 in the ABR waveforms. Testing was performed in a sound-attenuated box, and animal temperature was kept at 37°C.
Cytocochleograms. T wo weeks after noise exposure, control and CEP-1347-treated guinea pigs were decapitated under deep anesthesia, and inner ears were perilymphatically perf used with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, post-fixed with 1% osmium tetroxide, embedded in epoxy resin, and processed for surface preparations as earlier described in detail (Ylikoski, 1974) . Briefly, segments of the cochlear duct were dissected free from the modiolus, trimmed, and re-embedded in resin. The re-embedded cochlear segments were studied as surface preparations under an Olympus Provis microscope equipped with Nomarski optics. Hair cells were characterized as missing if both no cuticular plate and stereocilia in the appropriate location was observed. For cell countings, a 10 ϫ 10 square eye reticular and a 40ϫ objective lens were used. The percentage of missing hair cells was plotted as a f unction of the percentage length of the organ of Corti.
Dissociated neuronal cultures. Neuronal enriched cultures from E21 rat cochlear ganglia were prepared as previously described (Ylikoski et al., 1998) . The cultures were maintained in F-14 medium (Life Technologies) containing 10% horse serum (Life Technologies). CEP-1347 (500 nM), neurotrophin-3 (N T-3; 2 ng /ml; Promega, Madison, W I), or nerve growth factor (NGF; 2 ng /ml; Promega) was added to the medium at the beginning and after each 12 hr. After 48 hr, cultures were fixed with 4% paraformaldehyde, and responses were assessed under a phase-contrast microscope. Surviving neurons were distinguished by a phase-bright cell body and definite neurites.
Statistics. Results are graphed as the mean Ϯ SEM. Differences were assessed using paired Student's t test. p values of Ͻ0.05 and 0.01 were considered significant.
RESULTS

Hair cell death and activation of the JNK pathway after aminoglycoside-treatment in vitro
We first looked for hair cell death and involvement of the JNK signaling cascade in organotypic cochlear explants of neonatal rats. In paraffin sections of normal (nontreated) explants, the normal cellular architecture of the organ of Corti, one row of IHCs, and three rows of OHC s could be seen by using a calbindin antibody that labels hair cells (Fig. 1 A) . C ellular death was studied in paraffin sections stained by the TUN EL method, which labels fragmented DNA. Furthermore, when TUN EL-positive cells were found, DNA fragmentation was verified by using the DAPI counterstain. TUN EL -labeled hair cells were not found in normal explants (n ϭ 5). In contrast, in explants (n ϭ 15) exposed to 100 M neomycin for 6, 12, 24, and 48 hr, TUN EL-positive hair cells were found ( Fig. 1 B, C) . The majority of labeled hair cells were located in the basal cochlear turn where hair cells are most sensitive to ototoxic antibiotics. TUN EL -positive hair cell nuclei were found within the epithelium (Fig. 1 B, C) , and, in addition, hair cells that had been extruded from the epithelium in the cultures showed nuclear fragmentation (data not shown).
In cochlear explants (n ϭ 10) exposed to 100 M neomycin for 6 and 12 hr, phospho-JNK (Fig. 1 D) and phospho-c-Jun (Fig.  1 E) -immunoreactive hair cells were found in the lesioned regions, in the basal and lower middle cochlear turns. Only the nuclei of hair cells were stained by these phospho-specific antibodies. Hair cells situated in the apical, nonlesioned areas did not show phospho-JNK or phospho-c-Jun immunolabeling (data not shown), suggesting that the JNK pathway is involved in hair-cell stress responses. These findings formed the rationale to study the effects of CEP-1347 in the cochlea. CEP-1347 has been shown to attenuate neuronal apoptosis by blocking activation of JNK (Maroney et al., 1998) . When cochlear explants (n ϭ 5) were coincubated with 500 nM CEP-1347 and neomycin, both TUNELlabeling (data not shown) and induction of JNK and c-Jun phosphorylation (Fig. 1 F) were prevented in hair cells. These data indicate that CEP-1347 is effective in blocking JNK activation in stressed hair cells.
CEP-1347 prevents neomycin-induced hair cell loss in vitro
To further examine the association between JNK activation and auditory hair cell death, we next examined the effect of CEP-1347 on neomycin-induced hair cell loss. Outer hair cell loss in cochlear explants of neonatal rats was assessed from surface preparations stained with rhodamine-phalloidin that strongly labels the mechanosensory region of hair cells, the cuticular plate and stereocilia (Fig. 2 A, B) . In explants exposed to 100 M neomycin for 48 hr (n ϭ 12), ϳ90% of OHCs in the basal turn and 25% of OHCs in the middle turn were lost (Fig. 2C) . In cultures coincubated with 500 nM CEP-1347 and neomycin for 48 hr (n ϭ 12), all OHCs in the middle turn and ϳ90% of OHC s in the basal turn were preserved. Thus, CEP-1347 protected from neomycininduced hair cell death in vitro.
Assessment of hair cell death after noise exposure
Next, hair cell death was studied in guinea pig cochleas exposed to intense noise (120 dB SPL, 4 kHz for 6 hr). This noise regimen induced maximal damage to hair cells of the organ of Corti at the 9 mm region from the round window (second cochlear turn). Noise-exposed (n ϭ 16) and nonexposed (n ϭ 3) cochleas were cut in transverse (midmodiolar) plane and doublestained with the DAPI counterstain (Fig. 3A) and with TUN EL method (Fig.  3 B, C) . In addition, resin-embedded organs of Corti of noiseexposed cochleas (n ϭ 6) were cut in transverse (Fig. 3D ) or horizontal plane (Fig. 3E,F ) , and stained with toluidine blue. Noise-exposed cochleas were analyzed immediately and 1, 2, 4, 6, 8, and 14 d after exposure. TUNEL-labeled hair cells were found during the first 4 d after noise exposure. Most of the labeled cells were located in the area of maximal lesion, the second cochlear turn (Fig. 3E) . During the study period, the first 2 weeks after noise exposure, TUNEL labeling was not detected in the supporting cells of the organ of Corti (Fig. 3A,B ) or in the cochlear neurons. In nonexposed cochleas, cells of the organ of Corti as well as neurons were not TUNEL-labeled (data not shown).
CEP-1347 attenuates noise-induced hearing loss in vivo
Data presented thus far suggest that auditory hair cells can die by an apoptotic pathway and that this pathway includes activation of JNK. We were, therefore, interested to determine whether an inhibitor of the JNK pathway could affect hearing function. To assess the effect of CEP-1347 on noise-induced hearing loss, control and CEP-1347-treated guinea pigs were exposed to 120 dB, 4 kHz for 6 hr. CEP-1347 was delivered subcutaneously, starting 2 hr before the noise exposure and continuing daily for 2 weeks. Hearing thresholds 2 d before noise exposure (baseline values) showed no significant difference between the noiseexposed control and treated group (data not shown). Noise exposure caused threshold shifts in all guinea pigs as seen 2 d after the exposure (noise-exposed control, n ϭ 4; CEP-treated, n ϭ 5) (Fig. 4 A) . By day 6 after exposure, threshold shifts were significantly less in the CEP-1347 group (n ϭ 11) than in the noiseexposed control group (n ϭ 8, p Ͻ 0.05 at 4 and 8 kHz; p Ͻ 0.01 at 16 kHz) (Fig. 4 B) . By 2 weeks after exposure, the difference between the two groups became even more pronounced (noiseexposed control, n ϭ 17; CEP-treated, n ϭ 17) (Fig. 4C) . At this stage, ABR threshold shifts ranged from 28 to 45 dB SPL in noise-exposed controls, and from 12 to 22 dB SPL in CEP-1347-treated animals ( p Ͻ 0.01 at all frequencies).
CEP-1347 attenuates noise-induced hair cell loss
At 2 weeks after noise exposure, and after final ABR recordings, the numbers of preserved and missing hair cells were assessed in resin-embedded cochlear surface preparations. Total number of OHCs per guinea pig cochlea (lost plus preserved hair cells) ranged from 6240 to 6897 (Table 1 ). There was a large variation in the amount of hair cell damage in noise-exposed control cochleas in which the numbers of lost hair cells ranged from 305 to 1266 (n ϭ 13). In CEP-1347-treated cochleas (n ϭ 13), the number of missing hair cells ranged from 106 to 291, except that one cochlea of this group showed hair cell loss that was at the range of the noise-exposed control group (Table 1) . The difference between the groups is statistically significant ( p Ͻ 0.01). In vehicle-treated, noise-exposed control cochleas, in addition to the missing hair cells, there were several distorted OHCs with irregular configuration and disarrayed stereocilia, but a preserved cuticular plate and nucleus in regions adjacent to the site of maximal damage. Most of the noise-exposed control cochleas showed a relatively well demarcated area of maximal damage, extending from 0.5 to 1.0 mm in the region of ϳ9 mm from the round window. In addition, scattered OHC loss was found particularly along the entire upper half of the cochlea. In the region of ϳ9 mm from the round window, CEP-1347-treated cochleas showed some destruction of the organ of Corti, but usually in an area extending from 0.1 to 0.2 mm only. Also scattered OHC loss was less than in noise-exposed control cochleas. The cytocochleograms (Fig. 5 A, B) illustrate the average percentages of missing IHCs and OHC s along the length of the organ of Corti in noise-exposed control (n ϭ 13) and CEP-1347-treated (n ϭ 13) cochleas. In the average cytocochleogram of the CEP-1347-treated group (Fig. 5B) , the second, more apically located peak is caused by the single specimen in which the total hair cell loss corresponded to that of the control group. Altogether, these results indicate that, in our noise paradigm, CEP-1347 rescues IHCs as well as OHC s of each of the three rows of the guinea pig cochlea.
CEP-1347 promotes survival of dissociated cochlear neurons
Finally we asked whether CEP-1347 attenuates death of cochlear neurons in vitro, in addition to the hair cells. N T-3 is the most potent neurotrophic factor promoting survival of dissociated cochlear neurons of the perinatal rat, and NGF does not have any effect or its effect is very weak (Ylikoski et al., 1998) . As assessed in parallel cultures, CEP-1347 was as efficacious as NT-3 in promoting survival of cochlear neurons, and NGF served as a negative control (Fig. 6) .
DISCUSSION
We initiated the present study to characterize the mode of hair cell death in the traumatized cochlea. Based on morphological analysis and specific DNA labelings, fragmented hair cell nuclei were found after a 120 dB, 4 kHz noise for 6 hr. Other noise paradigms were not investigated in the present study. In addition to the present study, previous studies (Forge, 1985; Li et al., 1995; Liu et al., 1998; Nakagawa et al., 1998; Vago et al., 1998) have found DNA fragmentation in hair cells challenged with ototoxic antibiotics. Taken together, these data suggest that both mechanical and chemical agents induce hair cell death that has characteristic features of apoptosis.
Phospho-JNK and phospho-c-Jun immunoreactivity was detected in hair cells situated in the lesioned regions of neomycinexposed explants, but not in nonlesioned areas, suggesting that activation of the JNK pathway is involved in the hair-cell stress responses. Both phosphorylated c-Jun, the transcription factor, and phosphorylated JNK, the immediate upstream kinase, were localized to the nuclei of hair cells. These immunohistochemical results are in line with previous biochemical data showing that once activated, JNKs translocate from the cytosol into the nucleus (Mizukami et al., 1997) . Physiological evidence of the involvement of the JNK pathway in stressed hair cells comes from our experiments in which the indolocarbazole CEP-1347 was applied in conjunction with neomycin to organotypic cochlear cultures. CEP-1347 has been shown to block neuronal apoptosis by inhibiting the JNK signaling pathway (Maroney et al., 1998) . Similarly as in neurons, CEP-1347 blocked activation of the JNK pathway in neomycin-exposed hair cells and blocked hair cell death.
JNKs are known to be activated in response to various cellular stresses such as UV irradiation, heat shock, chemotherapeutic drugs, inflammatory cytokines, osmotic imbalance, oxidative stress, and excitotoxicity (for review, see Ip and Davis, 1998) . The mechanisms by which the different stressful stimuli lead to JNK activation remain largely to be determined. It has been shown that reactive oxygen species (ROS) are formed during oxidative stress and activate JNKs (for review, see Finkel, 1998) . It has also been shown that JNK activation is inhibited by pretreatment of cells with antioxidants (Lo et al., 1996) . ROS generation and changes in the antioxidant defense system of the cochlea have been implicated in ototoxic drug-induced hair cell damage (Hoffman et al., 1988; Garetz et al., 1994; Priuska and Schacht, 1995; Clerici et al., 1996; Hirose et al., 1997; Conlon et al., 1999) . We suggest that JN K activation could be one of the intracellular pathways leading to hair cell death after ototoxic drug-induced ROS generation.
CEP-1347 protected cochlear hair cells from neomycininduced ototoxicity in vitro. At 100 M neomycin concentration, ϳ90% of hair cells in the basal coil and 25% of hair cells in the middle coil of the cochlea were lost. Protection by CEP-1347 was prominent. It was total in the middle coil, and in the basal coil ϳ90% of the hair cells were preserved. In addition to aminoglycoside antibiotics, hair cells are sensitive to the chemotherapeutic drug cisplatin. As shown in mutant fibroblastic cell lines, cisplatin causes apoptosis by activating JN K s, and fibroblasts expressing a dominant inhibitor of JN K activation are resistant to cisplatininduced apoptosis (Z anke et al., 1996) . The JN K pathway is activated in cisplatin-treated hair cells in vitro (U. Pirvola and L. Xing-Qun, unpublished observations). These data suggest that, in addition to aminoglycoside-induced hair cell death, CEP-1347 may be effective in blocking hair cell death after cisplatin treatment.
CEP-1347 protected guinea pig cochleas from damage caused by intense noise, as demonstrated by functional tests and by morphometric methods. CEP-1347-treated animals showed less ABR threshold shift and less hair cell loss than noise-exposed controls. Threshold shifts were similar in all guinea pigs 2 d after noise, indicating that the animals were similarly responsive after exposure to sound. The protective effect of CEP-1347 was evident by day 6 and even more pronounced by 2 weeks after exposure. At day 2 after lesion, most of the threshold shift is attributable to temporary threshold shift (TTS), whereas after 2 weeks the threshold shift is mainly attributable to permanent threshold shift (PTS). It is obvious that CEP-1347 cannot prevent TTS, which is thought to arise mainly from various reversible structural changes in the cochlea, such as changes in the mechanical compliance of the basilar membrane (LePage, 1989) and decreased stiffness of the hair-cell stereocilia (Saunders et al., 1986) . After exposure to intense noise, the relationship between PTS and the extent of hair cell loss is not always linear. The decreased auditory sensitivity has been explained not only by hair cell loss, but also by subtle changes within the cells of the organ of Corti (Saunders et al., 1991) . Similarly as in a previous study (Fredelius et al., 1988) , our noise paradigm induced threshold shift that affected a wide range of frequencies, whereas maximal hair cell loss was found in a rather restricted region. There was a linear relationship between the auditory impairment and hair cell loss at the 9 mm region from the round window, the site maximally stimulated by our noise paradigm. Fine structural changes that might contribute to the broad hearing loss were not investigated in the present study. C ytocochleograms show that, in addition to the hair cell loss in the maximal trauma area, CEP-1347 prevented scattered hair cell loss seen at lower and higher frequencies. It may be that protection of scattered hair cell loss contributed to the smaller ABR threshold shifts of the treated animals. Altogether, the present results showing reduced ABR threshold shifts in CEP-1347-treated animals indicate that CEP-1347 attenuates noise-induced hearing impairment.
Cytocochleograms prepared 2 weeks after noise exposure showed that CEP-1347 treatment rescued Ͼ70% of OHCs destined to die. A suggested cause for noise-induced hair cell death, excluding the initial death caused by pure mechanical damage, is impaired cochlear metabolism and oxidative stress. Like ototoxic drugs, noise induces ROS formation, and ROS scavengers and inhibitors have been implicated in protection against noiseinduced hearing loss (Quirk et al., 1994; Hu et al., 1997; Jacono et al., 1998; Yamasoba et al., 1998 ). The present study shows that CEP-1347 prevents both intense noise-and aminoglycosideinduced hair cell death. In both types of traumas, ROS might activate the JN K pathway leading to hair cell apoptosis. Interestingly, in vivo CEP-1347 has been shown to attenuate loss of nigrastriatal dopaminergic neurons after exposure to a neurotoxin, 1-methyl-4-phenyl tetrahydropyridine, that causes oxidative stress and neuronal death (Saporito et al., 1999) . Taken together, these data implicate the JN K pathway and suggest the therapeutic potential of CEP-1347 in non-neuronal and neuronal models of oxidative stress.
In addition to cochlear hair cells, CEP-1347 rescued developing cochlear neurons from death in vitro, indicating that the JNK signaling cascade is involved in regulation of cochlear neuron survival. In line with the present data, CEP-1347 promotes survival of several neuronal populations during development, such as dorsal root ganglion sensory neurons, sympathetic neurons, and motoneurons (Borasio et al., 1998; Glicksman et al., 1998; Maroney et al., 1998) . The present results indicate that CEP-1347 is at least as efficacious as N T-3, the most potent neurotrophic factor acting on perinatal cochlear neurons (Ylikoski et al., 1998) . Withdrawal of a survival factor may activate genes whose products promote cellular death (Johnson and Deckwerth, 1993) , including components of the stress-activated signaling cascade. In line with this suggestion, neurotrophic factor withdrawal from neuronal cultures activates JN K (X ia et al., 1995; Dickens et al., 1997) and c-Jun (Watson et al., 1998) and leads to apoptosis. In addition to in vitro models, CEP-1347 has been shown to prevent injury-induced death of adult C NS neurons in vivo (Saporito et al., 1998 (Saporito et al., , 1999 . It remains to be shown whether neuronal protection can be achieved in the traumatized adult cochlea by using CEP-1347.
During recent years various agents have been identified that attenuate drug-or noise-induced hearing loss and degeneration of hair cells or neurons, in animal models either in vivo or in vitro. For many agents, such as free radical scavengers and inhibitors, the efficacy has been variable, and there has been little firm data on their molecular mechanism in the cochlea. In animal models, local delivery of neurotrophic factors into the lesioned cochlea has been shown to rescue cochlear neurons (Ernfors et al., 1996; Ylikoski et al., 1998) . Neurotrophic factors have also been shown to attenuate trauma-induced hair cell loss (Keithley et al., 1998; Ruan et al., 1999) , but the molecular basis for this protection is unclear and may be indirect. Clinical use of polypeptide growth factors has been limited by their pharmaceutical properties, such as low stability and difficult delivery characteristics (Yuen and Mobley, 1996) . Small trophic molecules acting on intracellular signaling pathways and allowing systemic delivery represent an alternative therapeutic approach. The current study provides evidence that CEP-1347, an inhibitor of the JNK signaling pathway, may offer therapeutic potential to prevent death of both cochlear hair cells and neurons and to act against both acoustic and ototoxic trauma. This study shows that CEP-1347 rescues hair cells when the treatment is started before trauma. In clinics, the therapeutic agent should show efficacy also when the treatment is initiated after trauma. Our unpublished data show that CEP-1347 protects cochlear hair cells when dosing is started within a few days after noise exposure.
